Experiments were designed to test suture materials for their use in potentially infected abdominal wound closure. The nearest to the ideal, at present available, is a monofilament nonabsorbable suture, the one tested being monofilament nylon. The suture retained adequate strength in the infected and noninfected state over a 70-day period. This is particularly important as infection has been shown to result in low wound strength in the early phases of healing. The monofilamentous nature of this suture represented an advantage when sutures were examined electronmicroscopically, Infected, braided sutures viewed for the first time by electronmicroscopy were shown to contain bacteria and polymorphonuclear cells, even after 70 days implantation. The normal absorption and encapsulation of these sutures was delayed by the presence of infection. Polyglycolic acid had marked strength when new but rapidly weakened after implantation. This together with slowed absorption in the infected state is a disturbing feature in terms of wound failure and sinus formation respectively.
Introduction
The ideal suture for an abdominal wound does not exist: it has been clearly shown that suture material in a wound affects the local condition unfavourably and leads to infection (Elek & Conen 1957 , James & MacLeod 1961 . Sutures are required, however, to hold the newly made incision together until sufficient strength has been regained.
Moynihan in 1920laid down four requirements for an ideal suture. It should: (I) achieve its purpose -be sufficient to hold the parts together; (2) disappear as soon as its work is finished;
(3) be free from infection; (4) be non-irritant. It was to find the nearest to this ideal for the closure of infected and potentially infected abdominal wounds that stimulated the following study.
Materials and methods
Staphylococcus aureus (Oxford ST3), a non-motile organism, was used throughout the study. Braided black silk, mono-and multifilament nylon and polyglycolic acid were the sutures chosen to provide a spectrum of the type of materials commonly in use for abdominal fascial closure. All were 2/0 3 metric in size and swaged on either 55 mm or 60 mm straight cutting needles.
Durability
Sprague-Dawley rats were used throughout. Each was anaesthetized using ether and placed in a prone position ( Figure I ). Sterile normal saline (0.5 ml) was injected into the tissue space between skin and erector spinae muscle either side of the vertebral column, commencing at the cephalic end and injecting evenly during withdrawal.
A strand of each suture was then implanted separately under the skin at sites parallel to the vertebral column. When the total length of the needle was beneath the skin, the needle was pushed out, leaving a standardized length of suture implanted. The suture was cut as close as possible to its points of entry and exit and the length of the suture slipped beneath the skin by stretching the overlying skin. In the infection group, 0.5 ml of 10 8 organisms per ml inoculum of Staphylococcus aureus was introduced instead of the normal saline. The animals were killed at 10, 30 and 70-day intervals (and also at 200 days for silk and monofilament nylon), the skin elevated off the paravertebral fascia and the sutures removed carefully. The tensile strength of the sutures was then measured using an Instrom 1122 tensiometer.
Electronmicroscopy
This experiment was done in combination with the durability study. Sutures, prepared by a similar method, were removed and fixed in 0.2 mol/l cacodylate buffered glutaraldehyde (2.5%). They were prepared by dehydration, critical point drying (CPD), dry fracturing and coating with gold/palladium. They were then examined using a Cambridge S600 scanning electron microscope and photographs taken.
Results
Durability (see Table 1 ) Monofilament and braided nylon sutures retained strength during the complete test period. They lost only 16%and 22% respectively of their original strength after 70 days, and after 200 days monofilament nylon had lost only 20% of its strength. Silk sutures lost 62-83% of their original strength after 70 days; the loss was slowed by infection. Unused polyglycolic acid was significantly stronger than all the other sutures; however, after 10 days in the uninfected state it had lost 65% of its strength and at 30 days 92%. Again infection slowed the process with a 24% loss at 10 days but by 30 days only 4% of the original strength remained.
Electronmicroscopy
Bacteria in the interstices of sutures were demonstrated in all infected multifilamentous material, particularly with silk ( Figure 2 ) and nylon. Silk showed a moderate reaction even in the noninfected state ( Figure 3 ). However, when infected there was a vigorous polymorph reaction between the strands continuing to 70 days ( Figure 4 ). Giant cells ( Figure 5 ) appeared earlier in the noninfected silk suture possibly due to the presence of the polymorph reaction in the infected suture preventing their ingress.'
Multifilament nylon showed less reaction than silk, even when infected. The strands were tightly bound in the noninfected suture but the infected sutures showed pus between the strands at 70 days. The zone of reaction around monofilament nylon was minimal and a thin fibrous covering appeared at an early stage. The reaction was slightly more cellular with infected sutures but the capsule had still formed by ten days ( Figure 6 ). Polyglycolic acid showed little cellular reaction in the noninfected state, until giant cells invaded and quickly appeared to absorb the suture. The giant cell invasion process was again slowed by the polymorph reaction to infection.
Discussion
Wound dehiscence, herniation and sinus formation have been shown to be closely related to suture choice and infection. Catgut, for example, has been rejected as the suture of choice for closing abdominal fascia following the alarmingly high (11%) burst abdomen rate reported by Goligher et al. in 1975 . Keill et al. (1973 reported a 72.3% wound infection rate prior to abdominal wounds bursting as compared to 3.4% for normal wounds.
Information on suture selection for abdominal fascial closure in association with infection has been scant. Recent clinical studies (Leaper et al. 1977 ) have compared various suture materials in the closure of abdominal wounds. However, these studies were multifactorial and therefore the present study was carried out in the laboratory to exclude other factors and look specifically at sutures in relation to infection in the closure of abdominal wounds.
Many light microscope histological studies have been reported by other workers (Edlich et al. 1973 , Postlethwaite 1979 , Van Winkle & Salthouse 1975 . All sutures cause a varying degree of inflammatory reaction in the tissues in which they are implanted. This is partly due to the trauma of insertion and partly to the physicochemical properties of the suture. All the sutures used in these experiments were swaged on similar cutting needles and therefore the results provide a comparison of the properties of the suture. The rats were not killed until after the tenth day because during the first five days all the reactions have been shown to be similar due to the trauma of needling (Edlich et al. 1968 ).
Macroscopically we found that nylon, both in monofilament and multifilament forms, was inert and produced little tissue reaction under the noninfected control conditions. Silk produced a reaction greater than the other sutures, this being pronounced even in clean wounds. The reaction to polyglycolic acid was in between nylon and silk in the noninfected wounds. In infected wounds, however, the results were different; monofilament nylon again remained inert but the multifilamentous form was seen to be surrounded by a vigorous polymorph reaction with related abscess formation. Silk was associated with abscess formation in almost all specimens. Polyglycolic acid, in spite of minimal tissue reaction in noninfected wounds, elicited considerably more reaction in infected wounds with small abscesses close to the suture.
The increased reaction seen with both multifilament nylon and polyglycolic acid may again be attributed to the braided nature of the material and the persistence of bacteria in the interstices of the braid. It seems reasonable to suppose that bacteria penetrating into multifilament threads might be protected from the body's defence mechanism and promote and prolong the inflammation. Van Winkle & Salt house (1975, personal communication) postulated that multifilament sutures may provide a haven for bacteria which, after penetrating the interstices of the suture, are safe from granulocytes and macrophages which are too large to work their way between tightly-packed strands. The electron microscope provided the opportunity to look at noninfected and infected sutures at different time intervals. Electronmicroscopy in surgery has in the past concentrated on the structural assessment of the wound itself (Forrester et at. 1969) or on prosthetic material (Redman & Allender 1977) . Little work has previously been done with sutures and none with infected sutures. The scanning electron microscope is ideal for this purpose since it provides a highresolution, three-dimensional image of a relatively large volume of material at high magnification, and at low magnification it was possible to correlate the appearances with those reported using light microscopy. Bacteria were demonstrated in interstices of all the multifilamentous materials, but particularly with nonabsorbable silk and nylon where pus could still be seen at 70 days. The implication is that these sutures do provide a continuing nidus for infection, as postulated by Osterberg & Blomstedt in 1979. Giant cell invasion was slowed in the infected sutures with a consequent decreased absorption, especially with polyglycolic acid. The polymorph reaction to bacteria in this suture was less marked than either silk or multifilament nylon, which may represent an antibacterial effect of polyglycolic acid claimed by other workers (Edlich et at. 1973 , McGeehan et at. 1980 . Monofilament nylon showed a minimal zone of reaction which was only slightly more cellular in the infected state. However, a fibrous capsule had still formed by 10 days which is probably why giant cells are rarely seen (Postlethwaite et al. 1959) . It provides no hiding place for cells and bacteria, in contrast to the other three sutures; as well as this being desirable in not potentiating wound infections, it is theoretically important in sinus formation.
The incidence of suture sinuses would be expected to be higher with the nonabsorbable multifilaments due to bacteria hiding in the suture, and with polyglycolic acid because the presence of infection prevents absorption at the normal rate. It is postulated that no nidus for infection would be expected with monofilament nylon unless the suture moves about at an early stage and creates a space between it and the fibrous capsule which then fills with bacteria.
It is known that less bacteria are required to produce a wound infection when a suture is present (Elek & Conen 1957 , James & MacLeod 1961 . Therefore, perhaps one other theoretical disadvantage of sutures which retain bacteria is that polymorph leukocytes, which are important in the early phases of healing, are drawn away from the wound to combat the infection in the suture, with consequent slowing of wound healing.
When the tensile strength of a wound is measured with the sutures in situ, a characteristic curve is obtained (Howes & Harvey 1929) . During the first three or four days there is a decline in strength when as much as 50% of the initial strength may be lost. This is termed the lag phase. It is followed by a period of increasing tensile strength which is termed the healing phase. During the lag phase, and a considerable part of the healing phase, the strength of the wound is entirely dependent on the sutures (Adamsons & Enquist 1963) . It is therefore fundamental that suture material should retain adequate strength for the purpose for which it is used.
In abdominal wound closure, where it takes many months for fascia to heal (Van Winkle & Salthouse 1975, personal communication) , durability of sutures is of particular importance. After 20 days the tensile strength of fascia is only 20% of normal (Miller 1970) . Douglas (1952) demonstrated that it took at least 120 days for aponeuroses to reach a plateau of return of strength which was much slower than skin although having the same exponential type of curve. If healing is long delayed or incomplete as in the infected wound (Bucknall 1980) , support by sutures will be required for' a longer period. Nylon in the mono-and multifilamentous form retained its strength after 70 days, and after 200 days monofilament nylon in the noninfected state had lost only 20% of its original strength. Infection made little difference to these results for nylon. Silk gradually lost strength over the 200-day period but at a faster rate than nylon. Infection slowed this process, probably due to delay in giant cell invasion and consequent absorption. The results for polyglycolic acid, however, are disturbing in the light of the recent trend towards the use of this suture for closing abdominal fascia (Bentley et al. 1978) .
It is interesting to consider how infection may slow the absorption of polyglycolic acid. The absorptive process itself is not fully understood, but is probably a combined hydrolysis and enzymatic esterase process. The effect of bacteria leads to a pH change which may inhibit the esterase activity, as well as the mechanical effect of polymorphs preventing ingress of macrophages and giant cells. Breakdown products of polyglycolic acid are bacteriocidal in infected tissue (Thiele 1980 ) and this may be the reason for the faster clearance of bacteria from polyglycolic acid as compared with silk at 30 days and the renewed rate of absorption after this time.
The initial experimental and clinical work with polyglycolic acid was highly encouraging (Herrmann et al. 1970 , Postlethwaite 1970 . However, tensile strength loss does not parallel absorbability and in polyglycolic acid our studies have shown the tensile strength loss to be complete at 30 days. The persistence of absorbable braided suture material in the infected wound after its strength has gone means that it continues to act as a foreign body without giving support in any way. Add to this the inertness of the modern nonabsorbable synthetic sutures and there is little theoretical case for recommending absorbables for closing the abdominal wall.
The nearest to the ideal suture of the four tested was monofilament nylon. Its strength should be sufficient to hold abdominal wall fascia together, even if healing is delayed by infection. It does not disappear in the literal sense of the word when its work if finished but it does become walled off quickly in a fibrous capsule, even in the presence of infection. It is relatively free from infection, inert and non-irritating to tissue.
